The endosymbiont-derived Sec-dependent protein sorting pathway is essential for protein import into the thylakoid lumen and is important for the proper functioning of the chloroplast. Two loss-of-function mutants of cpSecA, the ATPase subunit of the chloroplast Sec translocation machinery, were analysed in Arabidopsis. The homozygous mutants were albino and seedling lethal under autotrophic conditions and remained dwarf and infertile with an exogenous carbon supply. They were subject to oxidative stress and accumulated superoxide under normal lighting conditions. Electron microscopy revealed that the chloroplast of the mutants had underdeveloped thylakoid structures. Histochemical GUS assay of the AtcpSecA::GUS transgenic plants confirmed that AtcpSecA was expressed in green organs in a light-inducible way. Real-time RT-PCR and microarray analysis revealed repressed transcription of nucleus-and chloroplast-encoded subunits of photosynthetic complexes, and induced transcription of chloroplast protein translocation machinery and mitochondrion-encoded respiratory complexes in the mutants. It is inferred that AtcpSecA plays an essential role in chloroplast biogenesis, the absence of which triggered a retrograde signal, eventually leading to a reprogramming of chloroplast and mitochondrial gene expression.
Introduction
The chloroplast is indispensable for the growth and development of higher plants. Essential biochemical reactions are carried out in the chloroplast, ranging from photosynthesis and carbon fixation to nitrogen assimilation and amino acid biosynthesis (Givan and Leech, 1971 ). In addition, secondary metabolites and hormones important for the plant to respond to its environment, such as abscisic acid (ABA) and jasmonic acid (JA), are derived from primary products of the chloroplast (Mueller, 1997; Taylor et al., 2005) .
Chloroplasts of seed plants develop from undifferentiated, non-photosynthetic proplastids maintained in meristematic cells (Vothknecht and Westhoff, 2001; Ló pez-Juez, 2007; . During photomorphogenesis, light triggers chloroplast biogenesis, a process in which chlorophyll biosynthesis, the import of nuclearencoded proteins, and the building of a thylakoid network embedded with photosynthetic electron transport (PET) complexes are integrated to establish photosynthetic chloroplasts .
Since the majority of chloroplast proteins are encoded by the nucleus and synthesized in the cytosol before being transported into the chloroplast (Inaba and Schnell, 2008) , it is unsurprising that many mutants specifically disrupted in chloroplast biogenesis had mutations on nuclear-encoded chloroplast genes with diverse molecular functions, including chlorophyll biosynthesis, thylakoid biogenesis and lipid biosynthesis, protein import, photosystem assembly, protein maturation and degradation, plastid gene expression, among others (Gutiérrez-Nava et al., 2004; . Therefore, identification and characterization of such mutants have been helpful in elucidating the mechanism of photosynthetic development and in understanding nucleus-plastid interactions.
Several studies have confirmed the importance of chloroplast protein import machineries in chloroplast biosynthesis. Mutants of the Translocon of Outer Membrane of Chloroplasts (TOC) complex, such as the atTOC33 knockout mutant plastid protein import1 (ppi1), and the atTOC159 knockout mutant plastid protein import2 (ppi2) have a pale green or an albino phenotype and are defective in the import of photosynthetic proteins (Bauer et al., 2000; Kubis et al., 2003) . Antisense expression of tic20, a component of the import machinery at the inner envelope membrane, led to pale leaves and defective growth in Arabidopsis (Chen et al., 2002) .
Proteins destined to go into the thylakoid lumen are known to translocate through the chloroplast Sec (cpSec) pathway or the Tat pathway (Di Cola et al., 2005) . The Sec system is an evolutionarily conserved protein translocation machinery found at the plasma membrane of bacteria (Veenendaal et al., 2004; Vrontou and Economou, 2004) , the endoplasmic reticulum of eukaryotic cells (Agarraberes and Dice, 2001) , and the thylakoid membrane of plant and algal chloroplasts. In higher plants, the cpSecA gene in pea (Nakai et al., 1994) , spinach (Berghö fer et al., 1995) , and maize (Voelker et al., 1997) ; the cpSecY gene in Arabidopsis (Laidler et al., 1995) , spinach (Berghö fer and Klö sgen, 1996) , maize (Roy and Barkan, 1998) , and pea (Mori et al., 1999) ; and the cpSecE gene in Arabidopsis (Schuenemann et al., 1999) have been identified. A previous study has established the role of cpSecA in promoting the ATPdependent transport of the 33 kDa subunit of the oxygen evolving complex and plastocyanin into the thylakoid lumen in pea (Yuan et al., 1994) . The physiological and developmental roles of cpSecA, however, remain elusive.
Although the nucleus predominantly determines chloroplast gene expression and controls chloroplast development, the developmentally arrested or damaged chloroplast may also regulate nuclear gene expression through retrograde signalling (Leister, 2005; Nott et al., 2006; Koussevitzky et al., 2007) . Alterations in plastid gene expression (PGE) and the photosynthetic electron transport chain (PET) are known to trigger this process (Gray et al., 2003; Fey et al., 2005; Nott et al., 2006) . Contrary to a previous study (Strand et al., 2003) , two recent studies have shown that the tetrapyrrole intermediate Mg-protoporphyrin (MgProtoIX) is not a retrograde signal (Mochizuki et al., 2008; Moulin et al., 2008) . It has been proposed that, rather than a specific metabolite, the reactive oxygen species (ROS) produced by the defective chloroplast could act as a retrograde signal to repress the expression of nucleus-encoded photosynthetic genes (Woodson and Chory, 2008) .
Since chloroplast biogenesis is largely dependent on the chloroplast protein import machineries, mutants defective in chloroplast protein import are therefore excellent candidates for further exploration of chloroplast-to-nucleus signalling (Kessler and Schnell, 2006; Kakizaki et al., 2009) . In this study, the aim was to characterize an albino/yellow Arabidopsis mutant which turned out to have T-DNA insertions in the cpSecA gene. The mutant could grow normally in dim light with an exogenous carbon supply, but was subject to photo-oxidative stress in the light. Chloroplast biogenesis was clearly compromised in the mutant, and the transcription of both nucleus-and chloroplastencoded photosynthetic proteins was repressed, whereas the transcription of mitochondrion-encoded respiratory complexes was induced. Gene expression of the phytohormone response, redox control, and energy production was also altered. In summary, our results indicated that AtcpSecA has an essential role in chloroplast structure and function, the absence of which triggered both chloroplast-to-nucleus retrograde signalling and chloroplast-to-mitochondrion signalling (possibly through the nucleus), leading to an adjustment of the metabolic network to alleviate photooxidative stress in order to survive with an insufficient energy supply.
Materials and methods

Plant material and growth conditions
Arabidopsis thaliana (ecotype Columbia-0) was used in all the experiments. The agy1 mutant was identified when screening a collection of T-DNA insertion lines. The SALK_063371 T-DNA insertion line was obtained from the Arabidopsis Biological Resource Centre (Ohio State University, Columbus, OH, USA) . Following 3 d of stratification in the dark at 4°C, agy1 seeds were germinated on half-strength MS medium [0.7% (w/v) agar, 1% (w/v) sucrose, pH 5.7] containing 40 lg ml
À1
of hygromycin, and SALK_063371 seeds on 40 lg ml À1 kanamycin at 2061°C with a 16/8 h light/dark cycle. Two-week-old green seedlings were transferred to soil and grown under the same conditions for seed production.
For low light treatment, 5-d-old agy1 and wild-type seedlings, grown on half-strength MS medium under normal light (90 lE m À2 s À1 ) were shifted to low light (5 lE m À2 s
) for either 21 d or 42 d. The phenotypes were then recorded with a scanner (EPSON 1260) .
For heterotrophic growth analysis, agy1 and wild-type seeds were stratified, germinated, and grown in the dark for 4 d, then transferred to normal light and grown for 9 d. Lengths of hypocotyls of etiolated seedlings were measured immediately after the dark treatment. Lengths of primary roots of seedlings were measured daily over 13 d.
Identification of the T-DNA insertion sites
The flanking sequences of the T-DNA insertions in the agy1 mutant were identified by PCR-based genomic DNA walking, using the Universal Genome Walkerä kit (Clontech, Mountain View, CA) and following the manufacturer's instructions. Briefly, genomic DNA was extracted from the agy1 seedlings and digested separately with restriction enzymes EcoRV, SmaI, DraI, PvuII, and StuI. The digested DNA was ligated to GenomeWalker Adaptors to generate five libraries. The adaptor-specific primers AP1 and AP2 were included in the kit. Left border primers of the T-DNA insertion were T1 (5#-ATGTGTGAGTAGTTCCCAGA-TAAGGGAAT-3#) and T2 (5#-GGGTTCCTATAGGGTTTCG-CTCATGTG-3#). Primers AP1 and T1 were used for the primary PCR reaction; the product was used as the template for the nested PCR reaction with primers AP2 and T2. Products of the nested PCR reaction were then cloned into the pGEM-T Easy vector (Promega, Madison, WI, USA) and sequenced twice from both ends to recover the flanking sequences, which were used in a BLAST search to identify the insertion sites.
Verification of T-DNA insertions in agy1 and SALK_063371 mutants T-DNA insertions in agy1 and SALK_063371 mutants were confirmed by PCR using T-DNA specific primers, with T2 for agy1 and LBb1 (5#-GCGTGGACCGCTTGCTGCAACT-3#) for SALK_063371; and AtcpSecA gene-specific primers, with P1 (5#-CGGAGAGTCGACTAGGCAACAGTAC-3#) and P2 (5#-CTGTTGGTGACATATGTGATATCGC-3#) for agy1, and LP (5#-TTGCAGGTGGTATGGTTCTTC-3#) and RP (5#-ATAA-GAACCTCCTTTGCTCGG-3#) for SALK_063371. By using primers T2, P1, and P2, lines that were wild type (a 767 bp product), homozygous (a 627 bp product), and heterozygous (both products) for agy1 were verified by PCR. Primers LBb1, LP, and RP were used for SALK_063371, with a 978 bp PCR product for wild type, a 573 bp product for homozygotes, and both products for heterozygotes.
Allelism test
The allelism test was performed by crossing heterozygous agy1 with heterozygous SALK_063371 and screening the F 1 progeny on medium containing both hygromycin and kanamycin. The resistant seedlings were subject to further analysis.
RNA extraction, cDNA synthesis, and gene expression analysis Total RNA was extracted from wild type and agy1 (growth stage 1.06) (Boyes et al., 2001) . RNase-free DNase I was used to digest the trace amount of genomic DNA in the RNA samples. A control PCR with the DNase I-treated RNA as template was done to confirm the absence of genomic DNA. First strand cDNA was synthesized from 2.0 lg of total RNA using AMV reverse transcriptase (Promega, Madison, WI, USA), following the manufacturer's instructions. cDNA samples were diluted 10 times and used as PCR templates. Primers P1 and RP were used to amplify the transcript of AtcpSecA. The reaction contained 3 ll of template, 0.75 U ExTaq (TaKaRa, Dalian, China), dNTPs (0.2 mM each) and the primers in a final volume of 30 ll. As a semiquantitative control, A 348 bp fragment of b-ATPase was amplified under the same conditions with primers b-ATPR (5#-GATCATGACATCTCTCGAGG-3#), and b-ATPS (5#-TGGTAAGGAGCAAGGAGATC-3#).
Three independent repeats were done to give the typical results shown here. For realtime RT-PCR analysis, first-strand cDNA was synthesized in the same way. The reaction was performed using SYBR Green Perfect mix (TaKaRa, Dalian, China) on an iQ5 (Bio-Rad), following the manufacturer's instructions. The following standard thermal profile was used for all PCRs: 95°C for 2 min; 40 cycles of 95°C for 10 s and 60°C for 30 s. Gene expression was normalized to that of b-ATPase by subtracting the C T value of b-ATPase from the C T value of the gene of interest. Expression ratios were then obtained from the equation 2 DDCT , where DDC T represents DC T wild-type minus DC T agy1 . Primers for genes of interest are listed in Supplementary Table S1 at JXB online.
For microarray analysis, the Affymetrix Arabidopsis ATH1 genome array GeneChip containing more than 22 500 probe sets representing ;24 000 genes was used. Total RNA from the rosette leaves of wild type and agy1, growth stage 1.06, were extracted using the RNeasy plant mini kit (Qiagen, Hilden, Germany) and used for synthesis of labelled cDNA. Hybridization, washing, staining, and scanning procedures were performed as described in the Affymetrix technical manual. Expression data were extracted from scanned GeneChip images and analysed. Genes that were induced or repressed more than 2-fold in agy1 were documented as up-regulated and down-regulated, respectively. Gene ontology (GO) annotation and functional categorization data was retrieved from TAIR (http://www.arabidopsis.org /tools/bulk/go/index.jsp).
Protein extraction and SDS-PAGE
Leaflets harvested from wild type and agy1, growth stage 1.06, were immediately frozen in liquid nitrogen and pulverized. Total proteins were extracted in extraction buffer (0.1% Triton X-100, 0.1% SLS, 0.01 M EDTA, 0.01 M b-ME, 0.05 M Na 2 HPO 4 , pH 7.0). The homogenates were centrifuged at 12 000 rpm for 30 min at 4°C. Protein concentrations of the supernatants were determined using the Bradford method (Bradford, 1976) . Protein extracts, each containing an amount of 40 lg protein, were separated on 12% SDS-polyacrylamide gels. At least three independent repeats were done to give the typical results shown here.
Transmission electron microscopy (TEM), scanning electron microscopy (SEM), and light microscopy Transmission electron microscopy examination of leaves of wild type and agy1 (growth stage 1.06) were done as described by Li et al. (2006) . For scanning electron microscopy, leaf samples were fixed in 3% glutaraldehyde in 0.1 M phosphate buffer (pH 7.0) for 4 h at 4°C. Post-fixation was done in 1% osmium tetroxide for 2 h, and dehydration was done in a graded ethanol series at 4°C. The samples were then immersed in isoamyl acetate, dried by critical point drying (CPD) in liquid carbon dioxide, coated with gold in a sputtering device (SCD-005), and examined under a scanning electron microscope (FEI Quanta 200). At least three independent samples were examined to give the typical results shown here.
To examine developing seeds, 9-d-old siliques of the agy1 heterozygous mutant and the wild type were cut open and observed under a stereo-microscope (Nikon SMZ1000). Digital images were captured with a digital camera (Spot 7.2 Color Mosaic).
Detection of the superoxide anion
To detect the superoxide anion, leaves detached from 14-d-old plants were vacuum-infiltrated with 0.1 mg ml À1 nitroblue tetrazolium (NBT) in PBS buffer for 5 min. After 1 h incubation at room temperature in the dark, samples were transferred to 80% ethanol and heated to 70°C for 10 min. For low light treatment, plants were placed under dim light (5 lE m À2 s À1 ) for 2 d before staining.
Construction of AtcpSecA::GUS and plant transformation
To profile the expression pattern of AtcpSecA, the promoter region including partial CDS, -653 to +399, of AtcpSecA was PCR amplified from Arabidopsis genomic DNA with primers SecA_Pro1 (5#-GAATTCTGCGAATGGATGAGGAGTTTG-3#, introducing EcoRI site in bold) and SecA_Pro2 (5#-ATCCATG-GATTCTCCTTTCTGAGC-3#, introducing NcoI site in bold). The PCR product was then subcloned into a binary vector pCAMBIA1301, replacing the CaMV 35S promoter between the EcoRI and NcoI sites, to create a recombinant transcription unit, AtcpSecA::GUS. The authenticity of the construct was confirmed by sequencing. The AtcpSecA::GUS fusion gene was introduced into wild-type Arabidopsis through Agrobacterium-mediated transformation using the floral-dipping method (Clough and Bent, 1998) . Transformants were screened on half-strength MS medium containing 40 lg ml À1 hygromycin. Within 2-3 weeks, seedlings with green true leaves were identified as transformants and transferred to soil.
Histochemical GUS staining and fluorometric assay for GUS activity Histochemical GUS staining of homozygous T 3 transgenic lines harboring AtcpSecA::GUS fusion gene was done as described (Wang et al., 2005) . Images were recorded with a scanner (EPSON 1260). At least six individual lines were analysed to give the typical results shown here.
Plant protein extraction and assay for GUS activity were performed as described (Jefferson, 1989) . Protein concentration was determined using the Bradford method (Bradford, 1976) . Fluorescence was measured with a Spectrofluorophotometer (Shimadzu RF-540). Excitation and emission wavelength were 365 nm, and 455 nm, respectively. Each assay was repeated at least three times in at least four individual lines.
Results
Identification of a new albino/yellow mutant in Arabidopsis
An albino or glassy yellow (agy1) mutant was identified when screening a T-DNA insertion mutant collection. Homozygous agy1 seedlings had albino cotyledons (Fig.  1A ) and albino (type 1, t1) (Fig. 1E, H ) or glassy yellow (type 2, t2) (Fig. 1F, I ) rosette leaves, with a small portion having albino/glassy yellow variegated leaves (type 1/2) (Fig. 1G) . The two seemingly different phenotypes were associated with the water content of the medium; all seedlings were glassy yellow on 0.3%, and completely albino on 1.0% agar (see Supplementary Fig. S1 at JXB online). Heterozygous plants displayed no detectable phenotype (Fig. 1D) , except that albino seeds were found to be intermixed with green ones in their siliques (Fig. 1N ). In the progeny of agy1/AGY1, a 3:1 ratio of segregation for hygromycin resistance was observed (326:102, v 2 ¼0.31, P >0.05), and the green-to albino/yellow-hygromycin resistant seedlings segregated 2:1 (211:115; v 2 ¼0.55, P >0.05). Genomic DNA walking revealed that, in agy1, two copies of the T-DNA were inserted in opposite directions in the second intron and the third exon of the gene AT4G01800 (Fig. 10) .
Another insertion line, SALK_063371 was then obtained (Fig. 1P) , for the same gene, from the Arabidopsis Biological Resource Center (ABRC, Ohio State University, USA) . Similar phenotypes were observed for this line (Fig. 1J, K) . Genotyping of both lines (Fig. 1Q ) and an allelism test (Fig. 1B , L, M) confirmed that the albino or glassy yellow phenotype was a result of an interruption of AT4G01800. Consistently, no transcript of AT4G01800 was detected in the homozygous lines (Fig. 1R ).
AGY1 encodes AtcpSecA, a chloroplast preprotein translocase subunit AT4G01800 encodes a 115 kDa protein of 1022 amino acids, and is 85%, 84%, and 83% identical to the SecA subunit of the chloroplast preprotein translocase of rice (OscpSecA), pea (PscpSecA), and spinach (SocpSecA). It is also homologous to the SecA of Anabaena variabilis (AvSecA, 61% identity) and E. coli (EcSecA, 55% identity). All homologues exhibit high conservation in their primary sequences, and the high-and low-affinity ATP-binding domains essential for prokaryotic Sec translocase activity (Mitchell and Oliver, 1993) are conserved in all, including AtcpSecA (Fig. 2) . The SecAs of higher plants also possess N-terminal transit peptides for plastid targeting. The program ChloroP 1.1 (http://www.cbs.dtu.dk/services/ChloroP/) predicted that the first 61 amino acids were the transit peptide of AtcpSecA (Fig. 2) . This prediction is consistent with a previous study on the subcellular destination of PscpSecA, where the cleavage site was found to be between amino acids 61 and 62 (Nohara et al., 1995) .
agy1 could grow heterotrophically but appeared sensitive to light agy1 was seedling lethal on soil but could produce a few rosette leaves on medium supplemented with 1% sucrose (Fig. 1E-I) . Nevertheless, the partially rescued mutant showed no starch accumulation at the end of the diurnal cycle, indicating that it is incapable of photosynthetic carbon fixation (see Supplementary Fig. S2 at JXB online). Supplying eight major phytohormones (IAA, 6-BA, GA 3 , ABA, ethylene, BR, JA, and SA) independently to the mutant could not restore the growth-inhibitory phenotype (data not shown), suggesting that the growth defect did not result from a reduced level of any single phytohormone. Interestingly, under dim light (5 lE m À2 s À1 ), the homozygous agy1 was able to grow to a size comparable to the wild type (Fig. 3A) . It could even bolt, although the bolting time was delayed for 20 d, and the flower buds could not open (Fig. 3B) . Consistently, when germinated and grown heterotrophically in the dark for 4 d, the etiolated agy1 seedling looked no different from the wild type (Fig. 3E) . Only when the etiolated seedlings were shifted to light and photomorphogenesis was initiated was a significant difference in primary root elongation observed between agy1 and the wild type (Fig. 3F) .
Hence it was inferred that agy1 could grow heterotrophically but appeared sensitive to light. Indeed, when assayed for superoxide anion accumulation under normal (90 lE m À2 s À1 ) light with nitroblue tetrazolium (NBT) staining (Jabs et al., 1996) , wild-type leaves showed minimal staining, whereas agy1 stained substantially (Fig. 3C) , suggesting that the mutant is subject to photo-oxidative stress. Two days after moving the plants to dim light (5 lE m À2 s À1 ), the NBT staining became barely detectable in both the wild type and agy1 (Fig. 3D) , confirming our hypothesis.
AtcpSecA is required for chloroplast development
Ultrastructural analysis revealed that the chloroplast of agy1 was smaller than that of the wild type, lacked thylakoids but contained many densely stained globule structures resembling plastoglobules (Fig. 4G-L) . In agy1, the interspaces between cells were wider, the pavement cells were crinkled, and most trichomes had two branches instead of three (Fig. 4A-I ). The epidermal cell morphology defects could be due to misaligned cytoskeletal elements, or a shortage of cell wall materials. Consistent with the fact that carbon assimilation was impaired in the mutant, all stomata stayed closed (Fig. 4D-F) . cpSecA deletion impairs chloroplast biogenesis | 1659
AtcpSecA gene is light-inducible and expressed in green tissues
The AtcpSecA transcript steadily accumulated, accompanying the greening process of 4-d-old etiolated wild-type seedlings (Fig. 5A) . To gain more insights into the expression of AtcpSecA, a 653 bp promoter fragment of AtcpSecA was fused with the b-glucuronidase (GUS) reporter gene, and the expression cassette was introduced into wild-type Arabidopsis. In the T 3 homozygous AtcpSecA:: GUS transgenic plants, strong GUS staining was seen in green tissues, including cotyledons, rosette and cauline leaves, and sepals ( Fig. 5C-F) . Weak GUS staining was also observed in cotyledons of 3-d-old etiolated seedlings (Fig. 5B) . GUS activity was also found at the base and the tips of the trichome, suggesting that AtcpSecA may be involved in trichome development (Fig. 5G) .
Interestingly, expression of AtcpSecA was elevated after the seedlings were transferred to the dark (Fig. 5H) . A 4.6-fold increase in the AtcpSecA promoter activity was observed following 72 h of dark treatment of light-grown seedlings (Fig. 5I) , indicating a possible role for AtcpSecA in light/dark adaptation of the chloroplast.
Absence of AtcpSecA elicited a retrograde signal leading to reprogramming of chloroplast-and mitochondrial-gene expression Since abnormal chloroplast development was observed in agy1, the effect of loss of AtcpSecA on photosynthetic gene expression was investigated using real-time RT-PCR. The transcript levels were first analysed of nucleus-encoded photosynthetic genes, including RuBisCO small subunit (RbcS), which is a stroma protein; 33 kDa oxygen evolving polypeptide 1 (PsbO), which is transported to the thylakoid lumen through the Sec pathway; 16 kDa protein of oxygenevolving complex (PsbQ), which gets into the thylakoid lumen through the Tat pathway; a light-harvesting complex II protein (Lhcb1), which is targeted to the thylakoid membrane through the SRP pathway; and PSII reaction centre protein (PsbW), which gets into the thylakoid membrane through the spontaneous pathway. All genes were down-regulated in the mutant as compared to the wild type (Fig. 6A) . The transcript levels of chloroplast-encoded photosynthetic genes were also examined, including genes encoding NADH dehydrogenase ND1 (NDHA) and subunit J (NDHJ), PSI reaction centre protein psaA, PSII phosphoprotein psbH, and RuBisCO large subunit (RbcL). Similarly, all genes examined were down-regulated in agy1 (Fig. 6B) . Finally, it was found that genes critical for chlorophyll biosynthesis, such as HEMA1, PORB, and PORC, also had significantly lower transcript levels in agy1 (Fig. 6C) . Taken together, these results indicated that the absence of AtcpSecA elicited a retrograde signal which eventually led to repressed expression of nuclear-and chloroplast-encoded photosynthetic genes. Transcript levels of representative chloroplast protein import machinery genes were then analysed, including Toc159, the transit-sequence receptor GTPase localized in chloroplast outer membrane; Tic20-IV and Tic110, components of the translocase of the inner chloroplast membrane (TIC); Alb3 and TatC, integral thylakoid membrane proteins essential for protein import into thylakoid membrane and lumen, respectively. In agy1, all five genes were significantly induced (Fig. 6E) . The increased transcript abundance of genes encoding other components of the chloroplast protein import machinery might be indicative of a feedback mechanism to resolve the problem of insufficient protein import into the chloroplast.
To probe the possible effects of the defective agy1 chloroplasts on mitochondrial gene expression, the transcript levels of mitochondrial-encoded electron transport genes were analysed, including NAD4L, NAD5, and NAD9 which encode subunits of NADH dehydrogenase (complex I), and COX1, which encodes a subunit of cytochrome c oxidase (complex IV). The expression of all four genes was significantly induced in agy1 (Fig. 6D) , indicative of a higher respiratory activity in the mitochondrion in response to the defective photosynthetic activity.
Finally, the soluble protein of agy1 was profiled, and it was noticed that, in the mutant, the amount of RuBisCO large and small subunits were both greatly reduced (Fig.  6F ), in agreement with the transcript analysis.
Microarray analysis of agy1 revealed concerted changes in gene expression in plant growth and organelle function
To explore the long-term effects of the loss of AtcpSecA, a microarray study was carried out to compare the transcriptome of agy1 with that of the wild-type plants. After data processing and statistical analysis, 913 genes emerged as up-regulated more than 2-fold in agy1 (see Supplementary Table S2 at JXB online), while 1779 genes were downregulated more than 2-fold (see Supplementary Table S3 at JXB online). As expected, AtcpSecA appeared greatly down-regulated (9.19-fold) in agy1 (see Supplementary  Table S3 at JXB online). Functional categorization of the 2692 genes revealed a functional enrichment in genes encoding chloroplast-and mitochondrion-localized proteins (Fig. 7) . For instance, according to Gene Ontology (GO) terms, 2.61% of the Arabidopsis genome encodes mitochondrion-localized proteins, while 4.97% of upregulated genes in agy1 were categorized as mitochondrial genes. Consistent with real-time RT-PCR results, genes encoding chloroplast protein import machineries were all induced, while genes functioning in chlorophyll biosynthesis, and genes encoding chlorophyll a/b binding protein were significantly down-regulated in agy1 (Table 1 ). It is noteworthy that both GOLDEN2-LIKE transcription factors, GLK1 and GLK2, had lower transcript levels in agy1, in agreement with their roles in regulating the expression of the photosynthetic apparatus (Table 1) .
Consistent with the growth-retardance phenotype of agy1, genes encoding growth-related proteins such as cyclin-dependent protein kinases, calmodulin and calciumdependent protein kinases, expansins, wall-associated kinases, and a number of MYB and Homeobox transcription factors generally had much lower transcript levels in the mutant (see Supplementary Table S3 at JXB online). Genes functioning in auxin response (26 in total) were also repressed in agy1 (see Supplementary Table S3 at JXB online). Interestingly, components of the ethylene-mediated signalling pathway, including four ethylene response factors (ERFs), an ethylene receptor ERS2, and ethyleneinsensitive3-like1 (EIL1) appeared as repressed (see Supplementary Table S3 at JXB online), suggesting that agy1 was not undergoing a senescence process.
Consistent with the fact that agy1 relies on exogenous sucrose to survive, genes functioning in the sucrosedegradation pathway were induced in the mutant (see Supplementary Table S2 at JXB online). Strikingly, most nucleus-or mitochondrion-encoded mitochondrion genes, especially components of mitochondrial electron transport complexes showed a higher level of transcription in agy1 (see Supplementary Table S2 at JXB online). These data imply the potential existence of chloroplast-to-nucleus retrograde signalling and chloroplast-to-mitochondrion signalling (possibly through the nucleus) in the mutant, which adjust the metabolic networks to attenuate photo-oxidative stress and to cope with insufficient energy supply. 
Discussion
Chloroplast protein import is a complex process essential for chloroplast structure and function. In vitro translocation studies have been very fruitful in determining the major pathways for protein import into the thylakoid membrane and lumen (Cline and Dabney-Smith, 2008) . Physiological studies on knock-out mutants of components of the translocation machinery have highlighted their importance in chloroplast biogenesis (Roy and Barkan, 1998; Motohashi et al., 2001) . For instance, knockout of the cpSecY gene led to a loss of thylakoid membranes and seedling lethality in maize (Roy and Barkan, 1998) and Arabidopsis (Skalitzky, 2006) . Here an albino mutant defective in chloroplast biogenesis was characterized, which had T-DNA insertions in AtcpSecA, a chloroplast preprotein translocase subunit. It was shown that AtcpSecA is not required for heterotrophic growth, but is necessary for chloroplast biogenesis. To our knowledge, this is the first study on the physiological and developmental roles of cpSecA in Arabidopsis.
Examination of AtcpSecA expression showed that the gene is expressed at a basal level in etiolated seedlings and that the expression is induced steadily during photomorphogenesis. Moreover, agy1 grown in the light had defective thylakoid structures, remained albino, and was incapable of carbon fixation. These data support a function of AtcpSecA in light-induced thylakoid protein tranlocation during chloroplast biogenesis. Interestingly, an induction in AtcpSecA transcription was observed when light-grown seedlings were shifted to the dark. Plants grown in low light have been shown to have larger grana and changes in the chlorophyll a to chlorophyll b ratio (Weston et al., 2000) , although the regulatory mechanism for such longer-term adaptations remains unknown, it is hypothesized that the initial changes towards the new steady-state may include an adjustment of protein components of the thylakoid, which may require more AtcpSecA. The responsiveness of AtcpSecA transcripts towards changes in light conditions therefore implies a role for AtcpSecA in photosynthetic acclimation. Although agy1 could grow heterotrophically, significant structural defects were observed in the mutant. Epidermal cell morphology was clearly abnormal, and the interspaces between mesophyll cells were wider. Previous studies have shown that the developmental and metabolic status of the chloroplast could affect cellular differentiation and leaf morphogenesis (Reiter et al., 1994; Aluru et al., 2001; Hricová et al., 2006) . Trichome morphogenesis has also been shown to be dependent on the proper alignment of cytoskeletal elements (Szymanski, 2001) . The morphological defects could therefore be due to misaligned cyctoskeletal elements. Alternatively, it could be due to a reduced level of cell wall materials. When the microarray data were plotted in MapMan (Usadel et al., 2005) , transcripts of genes functioning in cell wall synthesis (including wax and lignin biosynthesis) generally appeared lower in the mutant, possibly resulted from a lack of photosynthetic products (see Supplementary Fig. S3 at JXB online).
It has been reported that in the functionally compromised chloroplast, expression of nuclear-encoded photosynthetic genes could be inhibited through retrograde signalling (Brown et al., 2001; Leister, 2005; Nott et al., 2006; Kato et al., 2007; Qin et al., 2007; Huang et al., 2009) . Recent studies have shown that GOLDEN2-LIKE transcription factors (GLKs) modulate photosynthetic capacity and mediate retrograde signalling (Kakizaki et al., 2009 ) in response to the functional state of the chloroplast. Consistently, it was found that, in agy1, both GLKs, along with many nuclear-encoded photosynthetic genes, had significantly reduced transcript levels. It seemed that retrograde signalling was evident in the mutant. On the other hand, expression of other chloroplast protein import machinery genes in the agy1 mutant was induced, which could be explained as an attempt to compensate for protein import defects.
A reduced abundance of RbcS and RbcL was also observed in agy1. Since the abundance of RbcS could affect the translation of RbcL directly (Rodermel et al., 1996) , the reduced level of RbcL could have resulted from a reduction in both transcription and translation.
Mitochondria and chloroplasts are energy-producing organelles in plant cells. In the light, the photosynthetic chloroplast generates O 2 and carbohydrate, and the mitochondrion consumes them to produce energy in the form of ATP. In the dark, the chloroplast depends on ATP generated in mitochondrial dark respiration. In supraoptimal light conditions, the mitochondrion helps protect photosynthesis from photoinhibition by dissipating excess redox equivalents exported from the chloroplast. In addition, the mitochondrion may help in the repair of photosystems by supplying the chloroplast with ATP (Raghavendra and Padmasree, 2003) . Such interdependency of metabolites and energy reserves between the two organelles has been established through analyses on mutants defective in either photosynthesis or mitochondrial respiration (Raghavendra and Padmasree, 2003; Aluru et al., 2009) . For instance, Hedtke et al. (1999) have shown that, in the barley albostrians mutant, a lack of chloroplast activity leads to an increase in mitochondrial gene copy number and an elevated level of mitochondrial transcripts. Arabidopsis mutants lacking IspD and IspE genes of the MEP pathway have also been shown to have increased expression levels of electron transport genes encoded by the mitochondrial genome (Hsieh et al., 2008) . What about the other way around? Interestingly, in agy1, almost all mitochondrial genes identified in the microarray appeared as induced. Given that the major carbon source for the mutant is sucrose (supported by an elevated expression of sucrose degradation genes in agy1); it was unsurprising that mitochondrial respiration genes became strongly elevated. The fact that agy1 was subject to photooxidative stress, as exemplified by the reduced growth rate in the light, the strong staining of superoxide, and the repressed expression of photosystem components, also suggests a need for mitochondrial respiration. The exact mechanism of the cross-talk between the chloroplast and the mitochondrion, however, remains elusive. It would be interesting to study whether ROS generated in the defective chloroplast could serve as a signal to induce mitochondrial gene expression.
In summary, our findings revealed that the absence of an essential component of the thylakoid preprotein translocation machinery can lead to severe defects in chloroplast suborganelle structure and function. Through as yet unknown signalling events, the cell mobilized a co-ordinated transcriptional regulation on the PET and protein import machinery of the chloroplast and the mitochondrial respiration complexes, possibly aimed at restricting the damage to chloroplast structure, balancing the cellular redox status, and maintaining the vitality of the plant. Further studies on the possible signalling events leading to such transcriptional regulation should help us identify the important players in chloroplast biogenesis.
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